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Abstract The export of terrigenous dissolved organic carbon (tDOC) and other river-borne material
across the continental shelf boundary has important ramifications for biological productivity and the cycling
of continentally derived bioelements in the ocean. Recent studies revealed the 275–295 nm spectral slope
coefficient of chromophoric dissolved organic matter (CDOM), S275–295, is a reliable tracer for terrigenous
dissolved organic carbon (tDOC) in river-influenced ocean margins. Here an empirical algorithm for the
accurate retrieval of S275–295 from ocean color was developed and validated using in situ optical properties
collected seasonally in the northern Gulf of Mexico. This study also demonstrated S275–295 is a robust proxy
for tDOC concentration in this environment, thereby providing a means to derive surface tDOC concentra-
tions on synoptic scales and in quasi-real time using remote sensing. The resulting tDOC-algorithm was
implemented using Aqua-MODIS in a retrospective analysis of surface tDOC concentrations over the north-
ern Gulf of Mexico between July 2002 and June 2013. Large pulses of tDOC were observed in continental-
slope surface waters off the Mississippi River delta, indicating cross-shelf export of tDOC was sporadic and
exhibited considerable interannual variability. Favorable winds following an anomalously high discharge
from the Mississippi-Atchafalaya river system always coincided with a major export event, and in general,
cross-shelf export was enhanced during years of anomalously high discharge. The tDOC-algorithm will find
applicability in the assessment of future climate- and human-induced changes in tDOC export, in biogeo-
chemical models of the continental shelf, and in the validation of high-resolution coastal models of
buoyancy-driven shelf circulation.
1. Introduction
Rivers discharge 0.25 Pg of tDOC to the global ocean each year, and it appears most of this material is
mineralized in ocean margins [Hedges et al., 1997; Opsahl and Benner, 1997; Bianchi, 2011; C. G. Fichot and R.
Benner, The fate of terrigenous dissolved organic carbon in a river-influenced ocean margin, submitted to
Global Biogeochemical Cycles, 2014]. Nevertheless, measurable amounts of dissolved lignin throughout the
global ocean indicate some tDOC escapes mineralization on continental shelves and is exported to the
open ocean [Meyers-Schulte and Hedges, 1986; Hernes and Benner, 2002; Dittmar and Kattner, 2003; Benner
et al., 2005]. The cross-shelf export of tDOC and its subsequent microbial and photochemical processing can
influence the net metabolic state and air-sea CO2 balance of these environments by nutrient enhancement
of primary production and by directly fueling microbial respiration [Smith and Hollibaugh, 1993]. Further-
more, tDOC export is often associated with riverine transport of trace metals, pollutants, and pathogens to
marine ecosystems. Despite its importance, the influence of tDOC and other riverine materials beyond the
continental shelf remains poorly understood, as the current quantitative approaches [Hedges et al., 1992;
Dittmar et al., 2007; Kaiser and Benner, 2012] cannot be practically applied to trace tDOC over broad tempo-
ral and spatial scales.
The spectral slope coefficient of chromophoric dissolved organic matter (CDOM) between 275 and 295 nm
(S275–295) [Helms et al., 2008] was recently established as a reliable optical tracer for tDOC in river-influenced
ocean margins [Fichot and Benner, 2012], and its amenability to remote sensing of ocean color has been
demonstrated in the Arctic Ocean [Fichot et al., 2013]. Herein, an empirical algorithm for the retrieval of
S275–295 and tDOC concentrations from ocean color is developed and validated for application in the north-
ern Gulf of Mexico. The algorithm is then implemented using Aqua-Moderate Resolution Imaging
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Spectroradiometer (MODIS) ocean color in a retrospective analysis (July 2002 to June 2013) of surface tDOC
exported across the shelf boundary and into the oceanic waters of the northern Gulf of Mexico. The continen-
tal shelf of the northern Gulf of Mexico is influenced by terrigenous inputs from the Mississippi-Atchafalaya
River System (M-ARS), and cross-shelf export of M-ARS water to the Gulf of Mexico has been directly observed
on several occasions [Walker et al., 1996; Yuan et al., 2004; Hu et al., 2005]. Algorithms for the retrieval of
CDOM and/or dissolved organic carbon (DOC) have been developed and used in various applications in this
environment [Hu et al., 2003; D’Sa et al., 2006; Del Castillo and Miller, 2008; Tehrani et al., 2013] and in other
coastal regions [Hoge et al., 1995; Johannessen et al., 2003; Mannino et al., 2008]. The tDOC-algorithm pre-
sented here is parameterized specifically to trace DOC derived from land, and thereby provides the means to
monitor surface tDOC concentrations on synoptic scales. As such, it will not only shed light on the dynamics
(past and future) of tDOC and other riverine materials in oceanic regions of the northern Gulf of Mexico, but
will also find applicability in biogeochemical and circulation models of this region.
2. Methods
2.1. Overview of Field Sampling and Measurements
Field samples and measurements were collected as part of the GulfCarbon project (http://ocean.otr.usm.
edu/w301130/research/gulfcarbon_new.htm). Surface water samples for chromophoric dissolved organic
matter (CDOM) and dissolved organic carbon (DOC) analyses were collected along a grid of 47–51 stations,
during five research cruises conducted in the northern Gulf of Mexico in January, April, July, and October-
November 2009 and March 2010 (Figure 1a). During each cruise, samples for dissolved lignin analysis were
also collected at 18–23 stations, and optical profiles were acquired at 11–20 stations to calculate in situ
hyperspectral remote-sensing reflectance spectra just above the sea surface, Rrs(k, 01), in the k5 350–700
nm wavelength range (Figures 1b–1f). A total set of 246 CDOM samples, 222 DOC samples, 104 dissolved
lignin samples, and 75 Rrs(k, 01) measurements was thus collected (Table 1). The samples spanned a salinity
range of 0–37, from nutrient-rich riverine waters to oligotrophic marine waters, and were collected during
contrasting seasons in terms of surface salinity distribution, surface water temperature, wind conditions,
and river discharge (Table 2). This data set is therefore representative of the majority of water types and
environmental conditions typically encountered in this river-influenced ocean margin and is ideal for the
development of robust relationships and algorithms for time series application.
2.2. DOC Sampling and Analysis
Samples for DOC analysis were gravity filtered from Niskin bottles using precombusted GF/F filters (0.7 lm
pore size) and stored frozen (220C) immediately after collection in precombusted borosilicate glass vials.
DOC analysis was conducted within a month of collection by high temperature combustion using a Shi-
madzu total organic carbon (TOC) TOC-V analyzer equipped with an autosampler [Benner and Strom, 1993].
Blanks were negligible and the coefficient of variation between injections of a given sample was typically
60.6%. Accuracy and consistency of measured DOC concentrations were checked by analyzing a deep sea-
water reference standard (University of Miami) every sixth sample.
2.3. CDOM Sampling and Analysis, and Calculation of S275–295
Samples for CDOM analysis were gravity filtered from Niskin bottles using Whatman Polycap Aqueous Solu-
tion (AS) cartridges (0.2 lm pore size), collected in precombusted borosilicate glass vials, and stored imme-
diately at 4C until analysis in the laboratory. Absorbance of the samples was measured from k5 250 to
800 nm using a Shimadzu ultraviolet (UV)-visible UV-1601 dual-beam spectrophotometer and 10 cm cylin-
drical quartz cells. For highly absorbing samples, 5 cm cylindrical quartz cells or 1 cm quartz cuvettes were
used. An exponential fit of the absorbance spectrum over an optimal spectral range was used to derive an
offset value that was subtracted from the absorbance spectrum [Johannessen and Miller, 2001; Fichot and
Benner, 2011]. Absorbance corrected for offset was then converted to Napierian absorption coefficients,
ag(k) (m
21). The dependence of ag(k) on k is described using equation (1):
agðkÞ5agðk0Þ  exp 2Sk02kðk2k0Þð Þ (1)
where k0< k and Sk02k is the spectral slope coefficient in the k0–k nm spectral range. The spectral slope
coefficient between 275 and 295 nm, S275–295, was calculated as the slope of the linear regression of ln (ag
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(k)) on k, between k5 275 and 295 nm [Helms et al., 2008; Fichot and Benner, 2011]. Here S275–295 is reported
with units of nm21.
2.4. Dissolved Lignin Sampling and Analysis, and Calculation of C-Normalized Lignin Yields
Samples for lignin analysis (10 L) were gravity filtered from Niskin bottles using Whatman Polycap AS car-
tridges (0.2 lm pore size), acidified to pH ’ 2.5–3 with sulfuric acid, and extracted onboard using C-18
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Figure 1. Sampling and field measurement sites in the northern Gulf of Mexico: (a) sampling locations for DOC and CDOM samples collected during all five cruises. Only minor modifica-
tions from this sampling grid occured between cruises (n5 47–51). The two stations labeled ‘‘R’’ correspond to river stations (salinity5 0). (b–f) Cruise-specific locations of in situ Rrs(k,
01) measurements (1 symbols, n5 11–20), and cruise-specific sampling sites for dissolved lignin (colored symbols, n5 18–23).
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cartridges [Louchouarn et al., 2000]. Cartridges were stored at 4C until elution with 30 mL of High-
performance liquid chromatography (HPLC)-grade methanol. The elution solutions were then stored at
220C until analysis. Lignin was analyzed using the CuO oxidation method of Kaiser and Benner [2012]. Con-
centrations of lignin phenols were measured as trimethylsilyl derivatives using an Agilent 7890 gas chroma-
tograph equipped with a Varian DB5-MS capillary column and an Agilent 5975 mass selective detector. The
concentrations of nine lignin phenols were measured in this study: p-hydroxybenzaldehyde (PAL), p-hydrox-
yacetophenone (PON), p-hydroxybenzoic acid (PAD), vanillin (VAL), acetovanillone (VON), vanillic acid (VAD),
syringaldehyde (SAL), acetosyringone (SON), and syringic acid (SAD). The sum of nine p-hydroxyl, vanillyl,
and syringyl lignin phenols (TDLP9) are reported in units of nmol L
21. Corresponding DOC-normalized lignin
yields (TDLP9-C) are reported in units of %DOC.
2.5. Field Measurements of Rrs(k,01)
Hyperspectral remote-sensing reflectance, Rrs(k, 01), in the k5 350–700 nm wavelength range was derived
from simultaneous profiles of hyperspectral downwelling irradiance, Ed(k, z), and upwelling radiance, Lu(k,
z), (where z is the depth) acquired using a Satlantic HyperPRO free-falling optical profiler equipped with a
surface irradiance reference. The maximum depth of the optical profiles ranged from a few meters in near-
shore waters to  50 m in oligotrophic waters. At each sampled station, the measurements of Ed(k, z) and
Lu(k, z) collected during three optical profiles in clear, oligotrophic offshore waters and 20 optical
profiles in shallow, turbid waters were pooled together and used to calculate a Rrs(k, 01) spectrum as in
equation (2)
Rrsðk; 01Þ5 LwðkÞ
Edðk; 01Þ (2)
where Lw(k) is the spectral water-leaving radiance, and Ed(k,0
1) is the spectral downwelling irradiance just
above the surface, calculated from their corresponding below-surface values using the approximations:
Edðk; 01Þ51:04  Edðk; 02Þ and LwðkÞ50:54  Luðk; 02Þ [Austin, 1974]. Here, Ed(k,0-) was calculated as the
exponential of the intercept (z5 0) of the least-square fit of the pooled profiles of ln [Ed (k, z)] against depth
z. Similarly, Lu(k,0
-) was calculated as the exponential of the intercept (z5 0) of the least-square fit of the
pooled ln [Lu (k, z)] profiles against depth z. In this study, only the Rrs(k, 0
1) derived at k5 443, 488, 555,
667, and 678 nm (Aqua-MODIS wave bands) are used.
Table 1. General Sampling Information During the Five GulfCarbon Cruises to the Northern Gulf of Mexicoa
Season Sampling Periods
Number of Samples/Measurements
CDOM (S275–295) [DOC] Lignin (TDLP9-C) Rrs(k,0
1)
Winter 2009 9–18 Jan 2009 48 24 18 11
Spring 2009 20–30 Apr 2009 50 50 23 13
Summer 2009 19–29 Jul 2009 51 51 21 20
Fall 2009 29 Oct to 7 Nov 2009 47 47 22 16
Winter/spring 2010 11–20 Mar 2010 50 50 20 15
Total 246 222 104 75
aSampling sites are shown in Figure 1.
Table 2. Environmental Conditions During the Five GulfCarbon Cruises to the Northern Gulf of Mexico
Season Sampling Periods
Salinitya Water Temperature (oC)
Dominant Winds
Mean M-ARS Water
Dischargeb(km3 d21)Min-Max/Median Min-Max/Median
Winter 2009 9–18 Jan 2009 0–36.45/35.15 8.0–23.7/19.1 S-SW reversing to N-NE 1.85 (1.25)
Spring 2009 20–30 Apr 2009 0–36.95/34.20 15.1–24.6/22.7 SE 2.78 (2.49)
Summer 2009 19–29 Jul 2009 0–36.77/32.32 27.5–30.8/29.7 S-SW 1.41 (2.20)
Fall 2009 29 Oct to 7 Nov 2009 0–36.63/32.70 16.7–27.4/23.7 S-SE reversing to N-NE 2.82 (1.94)
Winter/spring 2010 11220 Mar. 2010 0–36.48/28.32 10.6–20.3/17.0 NW 2.08 (2.68)
aSalinity/Water temperature ranges and median values correspond to the sampling grid of the CDOM samples (see Figure 1a).
bThe number in parenthesis is the average M-ARS water discharge (km3 d21) during the 15 day period preceding the sampling period.
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2.6. Daily Terrigenous DOC Flux From the Mississippi-Atchafalaya River System
Water discharge data from the U.S. Army Corps of Engineers (USACE) and DOC concentrations from the
USGS National Stream Quality Accounting Network (NASQAN) were used to calculate terrigenous DOC
fluxes from the Mississippi and Atchafalaya rivers between 1 July 2002 and 18 March 2013. Daily water
discharge for the Mississippi River and Atchafalaya River is monitored at Tarbert Landing, MS, and Sim-
mesport, LA, respectively, and was obtained from the USACE website (http://www.mvn.usace.army.mil/
eng/edhd/wcontrol/discharge.asp). Concentrations of DOC are measured every 2 weeks in the Mississippi
River near Melville, LA and the Atchafalaya River near St. Francisville, LA, and these data were obtained
courtesy of the United States Geological Survey from the NASQAN website (http://water.usgs.gov/nas-
qan/). A linear interpolation was used to estimate daily DOC concentrations, and daily tDOC fluxes in
the rivers were calculated as the product of the daily DOC concentration and daily water discharge.
Daily tDOC flux anomalies were calculated by dividing daily tDOC fluxes by the long-term average tDOC
flux between 1 July 2002 and 18 March 2013. Note the water discharge and tDOC flux of the M-ARS
were considered here because runoff from both rivers can be exported across the region investigated in
this study [Zhang et al., 2012b]. Furthermore, the water discharge and tDOC flux from the M-ARS were
highly linearly correlated (r5 0.997 for water discharge, r5 0.992 for tDOC flux) to those of the Missis-
sippi River between July 2002 and June 2013.
2.7. Terrigenous DOC Concentrations
The terrigenous DOC concentration, [tDOC], in water samples was determined as in equation (3)
½tDOC 5½DOC   ftDOC (3)
where [DOC] is the measured DOC concentration, and ftDOC is the fraction of terrigenous DOC in the sample
estimated using equation (4)
ftDOC5
TDLP 9-C
TDLP 9-C M-ARS
(4)
where TDLP9-C is the DOC-normalized lignin yield in the sample, and TDLP9-CM-ARS is a representative
value of the DOC-normalized lignin yield of Mississippi-Atchafalaya river system water discharged to
the study region. The TDLP9-CM-ARS value was calculated for each cruise as in C. G. Fichot and R. Ben-
ner (submitted manuscript, 2014). Briefly, a strong linear relationship (R25 0.82, p5 0.0003) exists in
the Mississippi River and Atchafalaya River between total dissolved lignin phenol concentrations
(TDLP9, mmol C L
21) and DOC concentrations (5 tDOC in rivers). Daily TDLP9 fluxes were derived
from the daily Mississippi River and Atchafalaya River tDOC fluxes calculated in section 2.5.. For each
cruise, TDLP9-CM-ARS was calculated as the ratio of the TDLP9 flux (mol C units) to M-ARS DOC flux
over the time required to accumulate the freshwater volume present on the shelf at the time of the
cruise (e.g., freshwater filling time). Filling time was used to approximate the residence time of fresh-
water in shelf surface waters [Dinnel and Wiseman, 1986], such that TDLP9-CM-ARS is representative of
the original riverine material that has been dispersed in the study area. Freshwater filling time was
calculated using measured salinity, M-ARS water discharge, and shelf-wide precipitation and evapora-
tion data. Freshwater filling times ranged from 2 to 3 months depending on the cruise (see C. G.
Fichot and R. Benner, submitted manuscript, 2014 for details). The TDLP9-CM-ARS (%DOC) values deter-
mined for each cruise were 0.396 (Winter 2009), 0.458 (Spring 2009), 0.489 (Summer 2009), 0.430 (Fall
2009), and 0.388 (Winter/spring 2010).
In this study, tDOC concentrations in marine waters were determined in two different ways, depending on
whether the TDLP9-C in the sample was directly measured (measured [tDOC]) or derived from the CDOM
spectral slope coefficient (derived [tDOC]). For the measured [tDOC] (n5 104), TDLP9-C in each sample was
calculated from the measured DOC concentrations and measured concentrations of the nine dissolved
lignin-derived phenols (TDLP9). For the derived [tDOC] (n5 222), the TDLP9-C in each sample was derived
from S275–295 as in Fichot and Benner [2012], using equation (5)
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TDLP 9-C5exp a1b  S2752295ð Þ1exp c  S2752295ð Þ1d  exp S2752295ð Þ (5)
where a5 3.172, b52267.566, c5 0.228, and d520.953 are the parameters derived in Fichot and Benner
[2012] for the northern Gulf of Mexico.
2.8. Aqua-MODIS Remote-Sensing Reflectances
Aqua-MODIS remote-sensing reflectance data, Rrs(k, 01) (k5 443, 488, 555, 667, and 678 nm) were obtained
from the NASA ocean color website (http://oceancolor.gsfc.nasa.gov). Data were subset over the northern
Gulf of Mexico area and used in two different applications. Daily, 4 km resolution, L3b Rrs(k, 01) were
binned over the 10–11 day duration of each research cruise (Table 1) and used for an end-to-end validation
of the S275–295-algorithm implementation with Aqua-MODIS (section 3.1.). In addition, monthly binned, 4 km
resolution, L3m Rrs(k, 01) were used to implement the tDOC-algorithm for an 11 year time series analysis of
remotely sensed, surface tDOC concentrations in the northern Gulf of Mexico between July 2002 and June
2013 (sections 3.2. and 3.3.). The daily Rrs(k, 01) binned over the 10–11 day duration of each research cruise
provided the most appropriate data sets for direct comparison with in situ S275–295 measurements, whereas
the monthly binned Rrs(k, 01) provided a more homogenous coverage of the study region (spatially and
temporally) and were therefore more suitable for a time series study.
2.9. Sea Surface Heights and Absolute Geostrophic Velocities
Sea surface heights above geoid and corresponding absolute geostrophic velocities over the northern
Gulf of Mexico were obtained from the Aviso (Archiving, Validation and Interpretation of Satellite Oceano-
graphic data) website (http://www.aviso.oceanobs.com/en/data/products/sea-surface-height-products/
global.html). The weekly, Ssalto/Duacs Delayed-Time Maps of Absolute Dynamic Topography and absolute
geostrophic velocities of the Reference series (DT-MADT ‘‘Ref’’) were used in this study. These homogenous
data sets are based on two satellites (Jason22/Envisat or Jason21/Envisat, and Topex/Poseidon/ERS) and are
available globally at a resolution of 1/3 3 1/3.
2.10. Wind Vectors
Monthly mean, surface-level NCEP/NCAR Reanalysis wind vectors over the northern Gulf of Mexico between
July 2002 and June 2013 were obtained from the NOAA Earth System Research Laboratory website (http://
www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.derived.surface.html). These wind vectors are
available globally at a resolution of 2.5 3 2.5 and were used for the time series analysis in this study. In
addition, pentad (5 day) cross-calibrated multiplatform ocean surface wind vector L3.5A were obtained
from the NASA Jet Propulsion Laboratory Physical Oceanography Distributed Active Archive Center
(PO.DAAC) website (http://podaac.jpl.nasa.gov/dataset/CCMP_MEASURES_ATLAS_L4_OW_L3_5A_5DAY_
WIND_VECTORS_FLK), and were used to evaluate the dominant wind conditions during each cruise.
3. Results and Discussion
3.1. S275–295-Algorithm: Development, Validation, and Applicability
The 75 in situ Rrs(k) spectra and corresponding in situ S275–295 collected during this study (Figure 1 and
Table 1) facilitated the development of a simple but reliable empirical algorithm for the retrieval of S275–295
from ocean color (multispectral Rrs(k)). A multiple linear regression of ln (S275–295) on the log-linearized Rrs(k)
at k5 443, 488, 555, 667, and 678 nm (equation (6)) was used to establish a strong empirical relationship
between ocean color and S275–295 in the northern Gulf of Mexico:
ln S2752295ð Þ5a1b  ln Rrsð443Þð Þ1c  ln Rrsð488Þð Þ
1d  ln Rrsð555Þð Þ1e  ln Rrsð667Þð Þ1n  ln Rrsð678Þð Þ
(6)
where a523.1221, b5 0.0673, c5 0.3266, d520.07457, e520.4599, and n5 0.2917 are the derived
regression coefficients. The Rrs(k) wave bands used here as predictors of S275–295 were chosen as to match
those of the Aqua-MODIS sensor and to optimize the accuracy of S275–295 retrievals while minimizing the
number of predictors. The Rrs(k) at k5 412 nm was specifically discarded as a predictor variable for two rea-
sons: (1) the inclusion of Rrs(412) in the multiple linear regression did not significantly improve the accuracy
of retrieved S275–295 and (2) large errors are generally associated with satellite measurements of Rrs(412) in
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optically complex waters
[Sathyendranath, 2000], such as
those commonly found in the
northern Gulf of Mexico. Perform-
ance evaluations of this S275–295-
algorithm (Figure 2) indicated
S275–295 can be estimated with an
average uncertainty of 65% from
in situ Rrs(k) measurements. This
uncertainty is relatively constant
(homoskedastic) across the range
of S275–295 values encountered in
the northern Gulf of Mexico (e.g.,
0.015–0.050).
Implementation of the S275–295-
algorithm with Aqua-MODIS
ocean color realistically repro-
duced the contrasting surface
distributions of in situ S275–295
observed during each cruise (Fig-
ure 3). A direct comparison
between remotely sensed S275–
295 (referred to here as Aqua-
MODIS S275–295) and matching in
situ S275–295 from all cruises (n5 206) demonstrated that the implementation yields accurate S275–295
retrievals over the entire range of S275–295 values, even in the optically complex nearshore waters of the
northern Gulf of Mexico (Figure 3a). On average, the Aqua-MODIS S275–295 values were within 10% of the in
situ S275–295 values. The in situ S275–295 values originally used in the development of the algorithm (n5 75)
were also included in this validation (crossed-over-circle symbols in Figure 3). However, they were distin-
guished from the in situ S275–295 that are independent from the algorithm development (regular-circle sym-
bols in Figure 3), and did not significantly alter the estimated uncertainty associated with Aqua-MODIS S275–
295 (69.0% versus69.5% on average).
The 10% uncertainty associated with Aqua-MODIS S275–295 was larger than the 65% uncertainty associated
with S275–295 values derived from in situ Rrs(k) measurements. Two main reasons can be responsible for this
difference. Significant uncertainties can be associated with satellite measurements of Rrs(k) as a result of
atmospheric interference, especially in the blue visible wave bands (e.g., k< 450 nm) and in coastal areas
[Sathyendranath, 2000]. In addition, the Aqua-MODIS Rrs(k) used in the validation were binned and aver-
aged over the 10–11 day time period of each cruise. The remotely sensed S275–295 presented in Figure 3 are
therefore representative averages for each cruise time period, and were therefore not exactly matched in
time with the in situ S275–295 measurements. Time mismatch of up to a few days can therefore occur
between remotely sensed and in situ S275–295, thereby contributing to the 10% uncertainty estimated for
Aqua-MODIS S275–295. A more realistic uncertainty associated with Aqua-MODIS S275–295 should therefore fall
between65% and 610%.
Current evidence suggests the synoptic, surface water monitoring of S275–295 should be amenable to ocean-
color remote sensing in most river-influenced marine systems. The present study and the recent work of
Fichot et al. [2013] have demonstrated that empirical relationships between S275–295 and ocean color can be
established in the northern Gulf of Mexico and in the Arctic Ocean, respectively, two optically complex
regions influenced by continental runoff. Gradients of ocean color in river-influenced marine systems are
primarily controlled by continental runoff distributions because rivers are major sources of the most opti-
cally active seawater constituents (e.g., CDOM, phytoplankton, and suspended sediment) and of nutrients
that fuel primary production. Furthermore, S275–295 is a known tracer of tDOC in river-influenced ocean mar-
gins, and is therefore tightly linked to continental runoff distributions [Fichot and Benner, 2012; Fichot et al.,
2013]. Empirical relationships between S275–295 (inherent optical property in the UV-B region) and ocean
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Figure 2. Estimated S275–295 versus measured S275–295 in a performance evaluation of the
S275–295 algorithm. Estimated S275–295 are calculated from in situ measurements of multi-
spectral Rrs(k, 01) k5 443, 488, 555, 667, and 678 nm) using equation (6) and the corre-
sponding multiple linear regression parameters. On average, S275–295 can be estimated
within <5% of the S275–295 values measured in situ.
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Figure 3. End-to-end validation of the S275–295-algorithm implementation with Aqua-MODIS ocean color. Surface S275–295 values measured in situ during all five cruises are directly com-
pared to the S275–295 values derived by implementing the S275–295-algorithm on Aqua-MODIS ocean color (daily L3b Rrs(k) at 4 km resolution) binned over the 10–11 day time period cor-
responding to each cruise. The data used in the S275–295-algorithm development were also included in this validation and are shown as crossed-over circles in all plots. (a) Scatterplot of
Aqua-MODIS S275–295 versus matched-up in situ S275–295 from all cruises (n5 206). (b–f) Cruise-specific comparison between in situ S275–295 and Aqua-MODIS S275–295. The color within the
circles correspond to the in situ S275–295 values.
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color (apparent optical property in the visible region) can therefore be expected in these environments
because continental runoff drives most of the variability of both ocean color and S275–295. The empirical
S275–295-algorithm presented in this study (equation (6)) is similar in concept to the one developed for
the Arctic Ocean [Fichot et al., 2013], but was parameterized specifically for the northern Gulf of Mexico.
Although region-specific parameterization is always desirable, its application to the Arctic Ocean data
set [Fichot et al., 2013; Hooker et al., 2013] yielded reasonably accurate S275–295 estimates (within 610%
error). Although this S275–295-algorithm should perform reasonably in other river-influenced ocean mar-
gins, it is unlikely to perform well in marine environments where continental runoff contributions are
small and variations in ocean color and S275–295 are dominated by other processes (e.g., upwelling
regions, open ocean).
3.2. Remote Sensing of Surface tDOC Concentrations in the Northern Gulf of Mexico
The S275–295 represents an excellent proxy for terrigenous DOC concentrations in the northern Gulf of Mex-
ico (Figure 4). Recently, the S275–295 has been applied successfully as an optical proxy for the C-normalized
yield of dissolved lignin (TDLP9-C) and the fraction of terrigenous DOC in the surface waters of the northern
Gulf of Mexico [Fichot and Benner, 2012] and Arctic Ocean [Fichot et al., 2013]. In this study, the applicability
of S275–295 as a proxy was extended to the derivation of tDOC concentrations ([tDOC]). The nonlinear regres-
sion shown in equation (7) was used to parameterize a strong relationship between the S275–295 values and
tDOC concentrations of all 222 discrete samples collected during this study (Figure 4a):
ln ½tDOC ð Þ5exp ða2b  S2752295Þ1exp ðc2d  S2752295Þ (7)
where a5 4.2517, b5 255.6555, c5 2.3415, and d5 54.4942 are the derived parameters, and the nonlinear
regression was weighted with a 1/[tDOC] function for a balanced fit across the large range of tDOC concen-
trations. Using equation (7), [tDOC] can be estimated with a 610% uncertainty from accurate measure-
ments of S275–295.
The tDOC concentrations used in the nonlinear regression of equation (7) are ‘‘derived [tDOC].’’ In this study,
derived [tDOC] differs from measured [tDOC] in that the TDLP9-C used in their quantification was not
directly measured, but derived from S275–295 (see section 2.6. for details). Derived [tDOC] were used in the
regression because a greater number of data were available, which allows for a better-constrained fit.
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Figure 4. (a) Relationship between measured S275–295 values and derived tDOC concentrations. The dark gray curve corresponds to the nonlinear regression of the derived tDOC concen-
tration on the S275–295 values using equation (7). Nonlinear equation (7) and its corresponding regression parameters can be used to calculate surface tDOC concentrations from remotely
sensed S275–295. (b) Derived tDOC concentrations versus measured tDOC concentrations. The measured tDOC concentrations are calculated using measured DOC concentrations and
measured C-normalized lignin yields (TDLP9-C). The derived tDOC concentrations are calculated using measured DOC concentrations and using C-normalized lignin yields (TDLP9-C)
derived from measured S275–295 as in Fichot and Benner [2012].
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However, S275–295 is a robust proxy for TDLP9-C [Fichot and Benner, 2012], and derived [tDOC] closely
approximate measured [tDOC] (616%) in this environment (Figure 4b). Using measured [tDOC] (n5 104) as
the dependent variable in equation (7) produced an exponential curve almost identical to that in Figure 4a
with the following regression parameters: a5 4.9191, b5 303.2523, c5 2.4042, and d5 56.7117.
The combined application of the S275–295-algorithm (equation (6)) and tDOC proxy (equation (7)) facilitates
the remote sensing of tDOC concentrations in surface waters of the northern Gulf of Mexico. For simplicity,
this combined application is referred to as the ‘‘tDOC-algorithm’’ in the rest of this manuscript. Simple
implementation of the tDOC-algorithm using Aqua-MODIS ocean color produced realistic distributions of
tDOC concentrations in the northern Gulf of Mexico (Figure 5). An uncertainty analysis propagating the dif-
ferent sources of uncorrelated uncertainty in the tDOC-algorithm (see Appendix A) indicates the tDOC con-
centrations derived using Aqua-MODIS ocean color should be within 620–50% of the tDOC concentrations
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Figure 5. Implementation of the tDOC-algorithm in the northern Gulf of Mexico with Aqua-MODIS ocean color (monthly binned, L3m
Rrs(k) at 4 km resolution). (a) Remotely sensed, surface tDOC concentration in July 2009 during an important cross-shelf export event. (b)
Remotely sensed, surface tDOC concentration in April 2012 at a time of low cross-shelf export.
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measured in situ. This % uncertainty was dependent on the value of S275–295, decreasing monotonically
from 50% at S275–2955 0.015 nm21 to 20% at S275–2955 0.050 nm21. This varying uncertainty along the
S275–295 continuum results primarily from the exponential dependence of ln([tDOC]) on S275–295 in equation
(7), which implies that the same67.5% uncertainty in S275–295 results in a greater uncertainty in [tDOC]
when S275–2955 0.015 nm
21 than when S275–2955 0.050 nm
21.
3.3. Pulsed Cross-Shelf Export of tDOC Between 2002 and 2013
The tDOC-algorithm was applied to monthly binned Aqua-MODIS ocean color to trace tDOC transported
from the Mississippi-Atchafalaya River System (M-ARS) across the shelf boundary (200 m isobath) and onto
the oceanic waters of the northern Gulf of Mexico over the past 11 years. Surface tDOC concentrations were
remotely sensed over the shelf edge (100–200 m isobaths, Region 1) and continental slope (200–2000 m
isobaths, Region 2) of a region of the northern Gulf of Mexico bound by the 87.5W and 91W meridians
(Figure 6). This specific region was chosen because much of the cross-shelf export of M-ARS freshwater
occurs within this longitudinal window [Morey et al., 2003; Schiller et al., 2011; Zhang et al., 2012b]. Further-
more, the close proximity of the Mississippi River mouth to the shelf edge in that region indicates recently
discharged continental runoff, including terrigenous organic matter and nutrients, can be rapidly exported
to the continental slope and potentially enhance biological production and respiration in these relatively
oligotrophic waters.
Remote sensing of surface tDOC concentrations over the continental slope (Region 2) indicated much of
the cross-shelf export of tDOC occurred during a few sporadic events between July 2002 and June 2013
(Figures 7 and 8a). Surface water tDOC concentrations during these events increased tenfold from back-
ground values of 2–4 mmol L21 to 30–35 mmol L21 over much of the continental slope (Figure 7). The aver-
age surface water tDOC concentration for the whole continental slope region (Region 2) increased from a
background of 3 mmol L21 to almost 20 mmol L21 (Figure 8a). Large pulses of tDOC on the continental
slope did not occur every year, thereby indicating a large interannual variability in the cross-shelf export of
tDOC in this region. The continental slope was little influenced by tDOC from the M-ARS during 2005–2007
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Figure 6. Regions of the northern Gulf of Mexico investigated in the time series analysis of surface tDOC concentrations (see Figures 7 and 8a). Region 1 is bound by the 100 and 200 m
isobaths and represents the shelf edge. Region 2 is bound by the 200 and 2000 m isobaths represents the continental slope. Most of the river water export from the Mississippi-
Atchafalaya river system occurs within this region [Morey et al., 2003; Schiller et al., 2011; Zhang et al., 2012b].
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and 2012, with minimal tDOC concentrations observed in 2006 and 2012. In contrast, several major pulses
of M-ARS tDOC to the continental slope were observed during 2003–2004 and 2008–2011, with maximal
tDOC concentrations observed in 2009 and 2010 (Figure 8a).
The major cross-shelf export events observed between July 2002 and June 2013 typically occurred during
summer, when wind-driven dynamics were favorable for the offshore transport of shelf surface water (Fig-
ures 7, 8a, and 8b). During fall, winter and spring, prevalent easterly and northeasterly winds typically drive
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Figure 7. Time series of average tDOC concentrations versus longitude (Hovm€oller diagram) on the continental slope (200–2000 m, Region
2 in Figure 6). For any given month (y axis) and longitude (x axis) on this plot, the corresponding [tDOC] is an average over the latitude
range of the continental slope at that longitude and for that month.
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westward currents on the shelf and promote alongshore transport of M-ARS water down the Louisiana-
Texas coast [Ohlmann and Niiler, 2005]. These conditions minimize exchange with offshore surface waters.
However, a shift to predominantly southeasterly and southerly winds during summer forces the Ekman
transport of M-ARS water eastward toward the De Soto canyon, where it is rapidly transported to the conti-
nental slope and can interact with the mesoscale Loop-Current eddy field of the deep Gulf of Mexico [Morey
et al., 2003]. Nevertheless, periods of favorable wind during summer did not always coincide with major
cross-shelf export events. Low water discharge and anomalously low tDOC fluxes from the M-ARS during or
preceding periods of favorable summer winds appeared responsible for the absence of major cross-shelf
export events in 2005, 2006, 2007, and 2012 (Figures 8a and 8b).
Notable cross-shelf export events also occurred during other seasons, particularly during winter and spring
(Figures 7 and 8a). The unseasonal, major offshore transport of tDOC in the spring of 2010 can be attributed
to persistent northwesterly winds at a time of high discharge, as demonstrated in Huang et al. [2013] and in
this study (Figure 8). Cold fronts can lead to short-term reversals of the prevalent easterly/northeasterly
wind pattern and drive eastward Ekman transport and eddy entrainment [Walker et al., 2005], although
recent evidence suggests these reversals are often too short to promote efficient export across the shelf
[Schiller et al., 2011]. Finally, tropical storms and hurricanes during late summer and fall can also enhance
cross-shelf export in this region [Yuan et al., 2004; Stone et al., 2005; D’Sa et al., 2011], but our observations
suggest it does not always constitute an important mechanism of cross-shelf export. For example, the pas-
sage of Hurricane Lili (early October 2002) described in Yuan et al. [2004] was a noticeable event in our time
series (Figure 7), but the passage of Hurricane Katrina in late August 2005 [Gierach and Subrahmanyam,
2008] had very little impact on the continental-slope tDOC concentrations, consistent with other observa-
tions that offshore bio-optical conditions were rapidly restored to that prior to the storm [Lohrenz et al.,
2008].
The time series of remotely sensed tDOC concentrations revealed that major tDOC pulses in continental-
slope surface waters were tightly linked to the water discharge and tDOC flux anomalies of the M-ARS
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Figure 8. (a) Time series of average surface tDOC concentration on the shelf edge (100–200 m, Region 1 in Figure 6) and on the continental slope (200–2000 m, Region 2 in Figure 6)
between July 2002 and June 2013. The seven most important cross-shelf export events are highlighted (shaded areas). (b) Time series of the monthly averaged wind velocity vector over
the northern Gulf of Mexico region (see Figure 1) between July 2002 and June 2013. Southerly winds (upward arrows) are favorable for cross-shelf export in this region. (c) Time series of
the tDOC flux anomaly (black line, left y axis) and water discharge (gray line, right y axis) from the Mississippi-Atchafalaya River System (M-ARS) between July 2002 and June 2013. The
anomaly is relative to the average tDOC flux between 1 July 2002 and 18 March 2013. Important cross-shelf export events always occurred during periods of high water discharge
(anomalously high tDOC flux) and favorable wind conditions.
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(Figures 8 and. 9). Between July
2002 and June 2013, major tDOC
pulses in continental-slope sur-
face waters were always pre-
ceded by high river discharge
and a prolonged positive anom-
aly in M-ARS tDOC fluxes (Figure
8). As mentioned earlier, favor-
able wind conditions alone did
not trigger a major export of
tDOC unless a large positive
anomaly in M-ARS tDOC flux pre-
ceded the wind event. Variations
in the tDOC fluxes are primarily
driven by changes in water dis-
charge in this river system (Figure
8b), and the area and shape of
the Mississippi River plume
depend strongly on the magni-
tude of the water discharge
[Walker et al., 1996, 2005]. Higher
than average river discharge can
enhance cross-shelf export of
tDOC by pushing the frontal loca-
tion of the plume across the shelf
toward the continental slope, thereby facilitating offshore entrainment by mesoscale eddy circulation in the
deep Gulf of Mexico. On an annual basis, the M-ARS tDOC flux anomaly explained 63% of the variability
(R25 0.63, p5 0.003) in the average tDOC concentration of the continental slope region (Region 2), thereby
indicating continental-slope surface waters are generally enriched with tDOC during years of high river dis-
charge (Figure 9). Note a lag of 215 days was applied to the tDOC flux anomaly to maximize the R2 against
the continental-slope tDOC concentrations. This lag represents a reasonable average transport time
between the river gauge and the continental slope, considering that water transit from river gauge to river
mouth is  5–7 days in the Mississippi and Atchafalaya rivers [Shen et al., 2012], and an average transport
time of 8–10 days from the river mouth to the continental slope is realistic [Walker et al., 1996; Schiller
et al., 2011].
Mesoscale eddies produced by the Loop Current System enhanced cross-shelf export on several occa-
sions between July 2002 and June 2013. Mesoscale eddies are known to impinge on the shelf break
south of the Mississippi River delta [Ohlmann et al., 2001], often when favorable winds and high dis-
charge facilitate the transport of river water on the continental slope. Under these circumstances, mes-
oscale eddies can efficiently entrain tDOC over the continental slope and offshore [Morey et al., 2003;
Walker et al., 2005; Schiller et al., 2011], although the close proximity of eddies to the Mississippi River
mouth alone can be a sufficient condition for the cross-shelf entrainment of tDOC even in the absence
of favorable winds [Schiller et al., 2011]. This mechanism of eddy entrainment was clearly observed in
the summer of 2003 and 2011, for instance, when large anticyclonic eddies shed from the Loop Current
impinged on the shelf break and enhanced tDOC export east of the 89W meridian (Figure 10). This
mechanism has also been shown to occasionally entrain filaments of M-ARS water well beyond the con-
tinental slope and to the Loop Current, where it can become part of the Gulf Stream and eventually
reach the North Atlantic Ocean [Ortner et al., 1995; Gilbert et al., 1996; Hu et al., 2005]. The impingement
of a counter-rotating pair of eddies on the continental slope can be a particularly effective mechanism
of cross-shelf export [Stone et al., 2005; Walker et al., 2005; Schiller et al., 2011]. From May to July 2009, a
pair of counter-rotating mesoscale eddies impinged and evolved slowly on the shelf break during favor-
able wind conditions and high river discharge, and thereby enhanced cross-shelf export of tDOC west
of the 89W meridian (Figure 11). This eddy-pair mechanism contributed to the spectacular, shelf-wide
export event of June-July 2009.
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Figure 9. Mean surface tDOC concentration on the continental slope (200–2000 m,
Region 2 in Figure 6) averaged during each year versus annual tDOC flux anomaly from
the Mississippi-Atchafalaya River System (M-ARS).
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3.4. Implications of a Pulsed,
Cross-Shelf Export of tDOC
The cross-shelf export of M-ARS
tDOC and associated river-borne
and shelf-derived materials can
have a strong influence on bio-
logical community structure and
function in Gulf of Mexico
waters located beyond the con-
tinental shelf boundary. The ten-
fold increase in tDOC
concentration (2–4 mmol L21 to
30–35 mmol L21) observed peri-
odically over much of the conti-
nental slope represents a 50%
addition to ambient DOC con-
centrations (60–70 mmol L21)
typically observed in these sur-
face waters [Benner and Opsahl,
2001; Fichot and Benner, 2011].
These pulses of tDOC and asso-
ciated elements are important
sources of organic matter and
nutrients (e.g., N, P, Si, Fe) that
can enhance primary produc-
tion, which is often nutrient lim-
ited in these surface waters
[Dortch and Whitledge, 1992;
Lohrenz et al., 1999; Chen et al.,
2000]. Riverine iron, in particular,
could enhance nitrogen fixation
by Trichodesmium spp. in the
Gulf of Mexico [Mulholland et al.,
2006], where it has been shown
to be Fe limited [Lenes et al.,
2001]. The exported tDOC
includes a variety of chromo-
phores [Blough and Del Vecchio,
2002; Stubbins et al., 2010; Fichot
and Benner, 2012] that also
impact primary production by regulating the attenuation of ultraviolet and visible radiation in the water
column. Photochemical transformations of terrigenous organic matter can stimulate bacterial growth
and respiration and generate bioavailable forms of nutrients [Kieber et al., 1989; Mopper and Kieber,
2002; Xie et al., 2012]. Overall, these export events and impacts on biological processes can have com-
plex effects on net air-sea CO2 fluxes in Gulf of Mexico waters. Furthermore, cross-shelf export of M-ARS
inputs inevitably leads to the transport of various pollutants (e.g., petroleum and xenobiotics) to sensi-
tive marine ecosystems where they can be harmful to biota and bioaccumulate in the food web [Torres
et al., 2008]. Export across the shelf boundary to the Loop Current system and the Gulf Stream also rep-
resents a mechanism by which persistent pollutants and pathogens can be transported over long distan-
ces and dispersed over large scales.
The pulsed nature of tDOC concentrations on the continental slope suggests the cross-shelf export of tDOC
and other materials will be sensitive to future changes in climate and human activities (e.g., land use). Over
the past decade (2002–2013), the export of tDOC to surface waters of the continental slope was dominated
by a few major but sporadic export events, and as a result exhibited considerable interannual variability.
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Figure 10. Sea surface heights and absolute geostrophic velocities (Aviso DT-MADT ‘‘Ref’’
product) over the northern Gulf of Mexico during Loop Current anticyclonic eddy intru-
sions on the continental slope in (a) July 2003 and (b) July 2011.
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Figure 11. Sea surface heights and absolute geostrophic velocities (Aviso DT-MADT ‘‘Ref’’) over the northern Gulf of Mexico showing a
counter-rotating pair of eddies impinging and slowly evolving on the continental slope between May and July 2009. In addition to high
river discharge (anomalously high tDOC flux) and very favorable wind conditions, this eddy-pair mechanism enhanced the southward
transport of tDOC and contributed to the spectacular cross-shelf export event of June-July 2009 (see Figure 5a).
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This study clearly revealed these major tDOC export events were tightly linked to the occurrence of
favorable wind conditions during or immediately following positive anomalies of the M-ARS tDOC
flux (river discharge), with mesoscale eddies impinging on the shelf break occasionally enhancing
cross-shelf export. Although the cooccurrence of these three factors provide the ideal setting for
major export events, the magnitude of tDOC flux anomalies emerged as the main controlling factor
of cross-shelf export on an annual basis. The recent trends in land use and hydroclimatic conditions
over the Mississippi River basin [Qian et al., 2007; Schilling et al., 2010; Groisman et al., 2012] thus pre-
sage potential changes in river discharge that could affect the cross-shelf export of tDOC and its
influence on the continental shelf and slope. Recent changes in the Loop Current’s eddy shedding
[Vukovich, 2012] could also alter the dynamics of the mesoscale eddy field and affect its capacity to
entrain river plume water.
4. Conclusion
The tDOC-algorithm presented in this study provides a new capability for the real-time and long-term moni-
toring of surface tDOC concentrations in the northern Gulf of Mexico using ocean-color remote sensing.
Implementations of this algorithm will allow direct assessment of future variations in the cross-shelf export
of terrigenous material from the Mississippi-Atchafalaya River System, and help elucidate its potential link-
ages to climate- or human-induced changes. The algorithm should find applicability in biogeochemical
models of the continental shelf [Hofmann et al., 2010], contribute to a better understanding of the complex,
buoyancy-driven shelf circulation of the northern Gulf of Mexico by providing a reliable means to validate
the results of high-resolution coastal models [Schiller et al., 2011; Zhang et al., 2012a], and integrate well
with emerging approaches for the remote sensing of sea surface salinity in coastal regions [Gierach et al.,
2013]. Despite its limitation as a tracer of terrigenous inputs, remotely sensed chlorophyll-a is typically used
for the validation of coastal models. The tDOC-algorithm presented here has the advantage of being para-
meterized using the lignin biomarker, which substantiates the terrigenous origin of the remotely sensed
signal.
Appendix A
An uncertainty analysis was carried out to calculate the uncertainty associated with the remotely sensed
[tDOC], and included three sources of uncertainty (see section 3.1.).
1. a6 7.5% uncertainty in remotely sensed S2752295, relative to S2752295 measured in situ.
2. a6 10% uncertainty in ‘‘derived [tDOC]’’ estimated from S2752295.
3. a6 16% uncertainty in ‘‘measured [tDOC]’’ relative to the ‘‘derived [tDOC].’’
As can be seen in Figures 2–4, these %-uncertainties were relatively constant along their respective range
of values. The sources of uncertainty were also uncorrelated with each other.
The theoretical uncertainty was calculated at every 0.001 nm21 increment in S2752295 between 0.015 and
0.050 nm21. At each S2752295 increment, a random %-error from a normal distribution of mean 7.5 was
added to the value of S2752295 in order to simulate the 67.5% uncertainty associated with remotely sensed
S2752295 (uncertainty 1). That slightly inaccurate S2752295 value was then used in equation (7) to calculate a
corresponding ‘‘derived [tDOC]’’ value, to which a random %-error from a normal distribution of mean 10
was also added to simulate the 610% uncertainty in ‘‘derived [tDOC]’’ estimated from S2752295 (uncertainty
2). Finally, a random %-error from a normal distribution of mean 16 was added to that ‘‘derived [tDOC]’’ esti-
mate in order to simulate the 616% uncertainty in ‘‘derived [tDOC]’’ relative to the ‘‘measured [tDOC]’’
(uncertainty 3). At each S2752295 increment, the estimated [tDOC] was then compared to a reference [tDOC]
calculated by assuming 0% error for all three sources of uncertainty, and the %-error was calculated. This
operation was repeated a large number of times (>1,000,000), such that each S2752295 increment was popu-
lated by a distribution of >1,000,000 %-error estimates. The median of the % error distribution was then
determined at each S2752295 increment and ranged from about 50% when S27522955 0.015 nm
21 to about
20% when S27522955 0.050 nm
21.
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